The influence of turbulence models on the 3D unsteady flow in a combustion chamber with a central bluff body is analyzed. Three different turbulence models are used (realizable k-, Reynolds Stress Model and Large Eddy Simulation) and a comparison is made on the evolution of the velocity field over time. The numerical simulation of the gas flow in the combustion chamber was performed using FLUENT 6.3 software and the computational geometry, consisting of a structured mesh with 810,000 cells, was built using the pre-processor GAMBIT 2.4. The extent of the recirculation region behind the bluff body was determined for each turbulence model.
Introduction
For most industrial turbo motors, the Reynolds number of the fluid flow in the region of the flame is high enough so that the combustion process takes place into a turbulent flow. The effects of turbulence, in general, have a positive impact on the efficiency of the burning process. The turbulence substantially improves both the mixing of the chemical species that make up the fluid mixture and the heat transfer from the combustion chamber [1] .
A complete comprehension of the combustion dynamics that occur in a combustion chamber requires detailed understanding of the interaction and interdependence between the combustion process and the turbulent flow. To date this has not been achieved, and the research area of turbulent combustion remains one of the most important unsolved problems in classic physics [2] .
In this paper we study the turbulent flow inside a microcombustor that is used in cogeneration equipment, which uses post combustion process. The chosen geometry has the advantage that it allows the development of the recirculation region only behind the conical shape bluff body, determining a localization of the turbulences induced by the bluff body. The characterization of the turbulent flow over an obstacle, even without some form of flow limitation frontier, has been shown to depend significantly on the chosen turbulence model [3] . This type of combustion chamber has only been previously investigated using a 2D axial-symmetric geometry and with a steady-state solver [4] .
In this study, the numerical simulation of the flow inside the combustion chamber is conducted using an unsteady solver with three different turbulence models; the thermal energy equation is not taken into consideration.
Numerical method
The unsteady 3D incompressible turbulent flow is calculated in the computational domain using the continuity equation, Eq. (1), and the Navier-Stokes equation, Eq. (2), [5] , for the realizable k-turbulence model and for the Reynolds Stress Model.
where is the static pressure andτ is the stress tensor described in Eq. (3).
where µ is the molecular viscosity and I is the unit tensor. Since the RSM accounts for the effects of streamline curvature, swirl, rotation, and rapid changes in strain rate in a more rigorous manner than one-equation and two-equation models, it has greater potential to give accurate predictions for complex flows. While the RSM may not always yield results that are clearly superior to the simpler models to warrant the additional computational expense, it is recommended to be used for the study of swirling flows in combustors [5] .
In the Large Eddy Simulation (LES) turbulence model, large eddies are resolved directly, while small eddies are modeled. LES thus falls between DNS (Direct Numerical Simulation) and RANS in terms of the fraction of the resolved scales. The use of LES turbulence model requires much finer mesh, a high computational power and a longer period of time than the other two turbulence models used [7] . The governing equations employed for LES are obtained by filtering the time-dependent Navier-Stokes equations in either Fourier (wave-number) space or configuration (physical) space. The filtering process effectively filters out the eddies whose scales are smaller than the filter width or grid spacing used in the computations. The resulting equations thus govern the dynamics of large eddies [5] .
Filtering the Navier-Stokes equations, one obtains:
where σ is the stress tensor due to molecular viscosity defined by:
and τ is the subgrid-scale stress defined by:
The subgrid-scale model used for the numerical simulation in this study was the Smagorinsky-Lilly model, which is implemented in Fluent 6.3. 
Computational domain and boundary condition
The computational domain was generated using the preprocessor GAMBIT from FLUENT. The geometric characteristics of the investigated combustion chamber are:
• The inlet diameter is 0.1 m and the outlet diameter is 0.05 m
• The total length of the chamber is 1 m, the angle of the convergent section is 8.3°, and the length of the convergent section is 0.17 m
• The radius of the bluff body is 0.035 m, and the height is equal to 0.03 m
• The distance between the base of the bluff body and the inlet is 0.13 m
The generated mesh for the computational domain is structured and consists of 810,000 cells, Fig. 1 . The operating point of the combustion chamber is characterised by a flow rate (Q) of 0.07854 m 3 /s. A uniform velocity magnitude, Eq. (8), was imposed on the inlet section of the computational domain corresponding to the prescribed flow rate, together with the turbulence parameters [8] , [9] (a turbulent intensity of 3% and a hydraulic diameter of 0.05 m). The fluid was chosen to be air, with a density of 1.225 kg/m 3 .
On the outlet section of the domain a pressure outlet condition was imposed, with constant pressure equal to the atmospheric pressure. A no-slip boundary condition was imposed on the chamber walls as shown in Fig. 2 ; the boundary layer is not expected to play an important role in the determination of the extent of the recirculation region behind the bluff body [10] . 
Numerical results
The main objective was the investigation of the turbulent flow of air in the combustion chamber predicted by the three different turbulence models and the comparison of their results. Three cross-sections placed along the axial coordinate of the domain were considered (Fig. 3 ) in order to investigate the evolution of the velocity profile over time. The value of the mass-weighted-average of the velocity represented in Figs. 4-6 is calculated using Eq. (9).
The value of the mass-weighted-average of the velocity represented in Figs. 4-6 is calculated using Eq. (9). ferent sections of the combustion chamber, the differences between the values of the velocity predicted by each of the three turbulent models are relatively small. The results predicted by the LES model are generally slightly higher than the values obtained with the other two turbulence models, especially in section 2 of analysis. Also it can be observed that the value of the mass-weightedaverage velocity remains almost constant in time. Only the LES model predicts variation of the velocity in time for section 2, but that variation has a maximum value 9 % greater than the minimum value, which can be considered insignificant. This indicates that the flow, for this type of combustion chamber, is steady. As a result, it can be concluded that the unsteady numerical simulation approach for the flow analysis inside this type of combustion chamber is not advantageous over the steady-state modelling approach. Fig. 7 shows the differences between the velocity fields predicted by the three turbulent models. It can be seen that the velocity distribution is not constant over the section; the values of velocities presented in Fig. 4 , Fig. 5 and Fig. 6 represent averaged values of such profiles. The structure of the velocity field is almost identical for the realizable k-and RSM model, while for the LES model there is a difference regarding the not fully developed stagnation region in the central part of the section. The LES model requires a computational time longer than 1.5 s for computing the same flow structure as with the other turbulence models. The recirculation region plays an important role in the mixing process of the gases. By knowing the minimum value of the velocity in the recirculation region, it is possible to determine the minimum required velocity for the carburant gas which has to be injected in the combustion chamber. For this reason, the extent of the recirculation region was investigated. To achieve this, the distribution of the velocity along the axial cross-section of the combustion chamber was plotted (Fig. 8 to Fig. 10 ). The velocity distribution for three different time steps is plotted in order to see if there are changes in the velocity field over time. The results obtained with the three turbulence model are much alike, in terms of the prediction of the extent of the recirculation region. The extent and shape of the recirculation region is similar for the first two turbulence models. The main difference is for the LES model, which takes a much longer time in order to obtain the fully developed flow field corresponding to the steady-state condition. As a consequence, the recirculation region is not as well developed as for the other two turbulence models. Much like it was concluded from analysis of radial crosssection velocity fields, it can be observed that the structure of the velocity distribution, once the flow field is developed, is not changing from one time step to another. It can be assumed that the flow is ultimately steady.
Conclusions
In this paper the results of a 3D unsteady numerical simulation of the turbulent flow inside a combustion chamber are presented. A comparison was made between different turbulence models (realizable k-, RSM and LES) on the prediction of the extent of the recirculation region. The objective was to determine which turbulence model is most appropriate for obtaining reliable results. The numerical results underlined the presence of a recirculation region behind the bluff body. This characteristic of the gas flow has a positive impact on the mixing process inside the combustion chamber. The minimum required velocity for the carburant gas which has to be injected in the combustion chamber could be determined by knowing the minimum value of the velocity in the recirculation region. The first two turbulence models, realizable k-and RSM, predict with the same accuracy the structure of the hydrodynamic field. Transient modelling with the LES model takes more time to achieve the steady flow conditions; also the numerical simulation requires longer computational time.
For the 3D numerical analysis of the flow inside a combustion chamber with the geometric size presented here, it is recommended that the use a steady solver is sufficient. The evolution of the velocity field was found to be constant over time. It is also recommended that the extent of the recirculation region can found reliably using the realizable k-turbulence model. This turbulence model requires the minimum computational resources and time, and the results appear to be representative of the expected fluid dynamics in a combustion chamber.
